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TURBULENT BOUNDARY-LAYER SEPARATION INDUCED

CYLINDERS AT ZERO ANGLE OF ATTACK

By I)ONALD _I. KUEIIN

BY FLARES ON

SUMMARY

Boundary-lager ._'eparation induced by a flare o7_a

cylindrical body of revolution ha.s been experimentally

inve._'tigated in the _ldach number range _ 1.5 to 5.0

a_d in the Reynolds number range (based on bound-

ary-layer ttdckness) of 1.50X104 to 12XIOL Two

flare type,_ inve,_'tiyated u,ere the compression corner
a_d the eurced s,u_:facc. Tttree nose ,,'hapes were

included: a 20 ° _harp cone, a .';5° blu_ded cone, and

a hemi,_'phere. The purpose qfthe investigation wa,_

to determine the model geometry and flow condition,_

f.r which separation could be expeetedJor a turbulent

boundary layer on a cylinder-flare configuration.

(_parison,_ were ma& _ the boul_dary-layer-sep-

arat_oJ_ characteristie._' qf the.se three-dimensional

flare._ with two-dimensio,ml separatim_ result,_'.from

a preciou,_ in_'e,_'tiyation.
The re,suIt,_ showed that the variables which were

important to tu'o-dimen,_ional boundary-layer ,_epara-

th._ were also important for the cylinder-flares, The

temtency toward ,_eparation decreased for both the
two- al_d three-dimen,_ional model,_" as .lhzch number

was increased, and as Reynl)lds number, pressure

rise, and pressure gradient .were decreased. The

pre._._ure rise necessary to cause separation at the

t_ree-dimensional compression corner, for a given

_llach _umber and Reynolds number, wasJound to be
either equal to or greater thau that Jot the two-dimen-

•_ional models. (_ylinder-flare model_ witt_ large

ratios of cylinder diameter to boundary-layer thick-

ness were more prone to boundary-layer ,_eparation

than cow,figurations with small _,alues of this ratio.

Heat tran,sfer into the model surface reduced the

tendency toward,_eparation. Change,_ in nose shape,

unit Reynolds number, method of promoting transi-

tion, and length of cylilMrical portion qf the model

had no i_tflue_tce ott the first occurrence oJ separation

at the flare. Conditions for incipie_d separation on
blant- altd ,sharp-no,_ed _nodels correlated on the basis

oJ either .free-,_'hvam eondition._ or bou_Mary-layer-

edge eondition,_. The latter correlation shrews that
flare-induced separation on a blunt-nosed cylinder

can be predicted from data for ._harp-nosed cylinders

where the.free-,_'trearn .lhtch, number.fi)r the latter is

equal to the boundary-layer-edge .lhtch number.for

the Jormer.
INTRODUCTION

Boundaw-layer separation is or interest in many

phases of aerodynamics. In some design problems

the presence of separation is undesirable since

aerodynamic performance is dependent on an
attached boundary layer. Thermodynamic con-

siderations may, however, encourage Lhc use of

separated regions to reduce local heal transfer.
Tnt'ormation on the con(tit ions whic]_ cause separa-

tion should, therefore, be available so that the

occurrence of separation e,m be predicted. When

separation does occur, flow characteristics, such as

extent of separation, boundary-layer steadiness,

pressure distribution, and heal transfer, should be
known so that the designer can judge the accepta-

bility or desirabilit,y of the separated boundary

layer. Present Lheoretical analyses cannot, be used

to predict, the occurrence of separation and are of

very limited value in estimating the characteristics

of the separated region. Consequently, experimen-
tal results must be relied upon almost ent.irely.

Two-dimensional boundary-layer separation has

been studied by a number of investigators. Re-

ports of some of these studies (refs. 1-9) cont.ain
data obtained for compression corners, curved

s,ur[aces, incident shocks, and forward- _,ndr rear-

1
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ward-racing steps. These invesligalions all had

one thing in common they were studies of D
bound._ry layers whi<'l_ were forced to separate l

frmn the model surface by an imposed adverse

pressure gradicn[ and an over-all pressure rise

greater than that necessary h)r incipient separa- L
lion, A good u,Merslauding or the general char-

acleristics of the separaied region has resulted. 3[

These investigations do not, however, give any

indication of tile conditions necessary for lhc first.

occurrence of separation. References 10 and 11 n

also present data on the separated boundary layer
and, in addition, give a small amounl of informa- P

lion on tile pressure rise tile boundary lqyer will r

loleratc before it will separaic from the surface.

Refcrence 12 presenls lhercsultsof an invesligali:m
R

devoied enlirely (o the ineipienl-separaiion pres-

sure rise For two-dimensional {url)ulen{ boundary
hi vers.

The quantity of (]aia available on lmundary- S

layer separation fi)r three-dimensional bodies is
considerably h,ss lhan for two-dimensional bodies.

Reference 13 is a theoretical investigation, and u

reference 14 is an experimental investigation of x

the interaction of a plane wave and a cylindrical

body of revolulion. Many references present y

information on tile over-all aerodynamic (.harae-

teristics of cylinder-flare configurations, since this v

geometry has become of special interest for drag 6
control and stability of missiles. Boundary-layer 0

separation, if el)served, was considered only with

respect to its influence on these over-all character- u

isiics. The occurrence of separalion was, how-

ever, not predictable. An investigation of three- v
dimensional turl)ulcn[ boun<lary-!ayer separation

has, therefore, been initiated as an extension of P

the two-dimensional invcstigation reported in

reference 12. Tile purpose of this investigation is cyl
to ot)tain an understanding of tile conditions for

flare

which boundary-layer separation can 1)e expected ineip
for a turbulent boundary layer on a cylinder-flare
configuration. SeI)aration phenomena for [he e

three-dimensiomtl flared-aflert)ody model and the
0

two-<limensional deflection surface (ref. 12) will

be compared to determine possible similarities.

Any generalities which can be concluded as a 1
result, of similarities in the separation phenomena

that exist between various body shapes will t
provide a better basis for application of existing

data to body shapes for which no experimental

data are available.

NOTATION

diameter of cylinder, in.

distance along the model measured from

the cylinder-flare juncture, in.(minus

upslream, 1)lus downstrcam)

length of model or of model component,
in.

Maeh number (for sharp-nosed models

M:=3L)

velocity profile parameter, u+ -\_J

pressm'e, psia

radius of tile curved porlion of the

curved-surface mode], in.

"t/60

Reynohls mmlber, _ (for sharp-nosed

models R=a0 =R%)

approximate location of the separation

point as determined from the shadow-

graphs

velocity, ft/sec
distance along modcl measured from lhc

nose-cylinder juncture, in.
distance from the model normal to the

surface, in.

ratio of speci.fie heals, 1.4 for air

boun<lary-layer thickness, in.

wedge angle for the compression corner

or curved surface, deg

viscosity, lb sec/ft -_

kinematic viscosRy, p rt2/sec

density, lb seal/to

SUBSCRIPTS

cylindrical section of the model

flared portion of tile model

condition for incipient separalion

boundary-layer edge
free stream

location on tile cylinder where the static

pressure is first affected by the presence
of the flare

location on tile flare at which tile static

pressure is a mflximunl

total conditions, for example,
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APPARATUS AND TEST METHODS

WIND.TUNNEL DESCRIPTION

The tests were conducied in the Ames 1- by 3-
Foot Supersonic Wind Tunnel No. 1 which is a

continuous-operation, closed-circuit lunnel. The

minimum supersonic Maeh number is about 1.2 _o

1.6 and lhe maximum is about 5.0 to 6.0, depend-

ing on the size of the model. The maximun_ s|ag-
nation pressure range is approximately 2 lo 59

psia. The upper limit of stagnalion pressure

varies wid_ Maeh numbe,' and is less than 50 psia
for Math numbers less than 3. The Maeh number

anti tot al pressure are continuously variable during

t unnel operation.

MODELS AND PRESSURE MEASUREMENT

The basic con figm'al ion was a cylindrical t)ody of

-:, ....... Nose b

"'. '_7,("...... Nose c
_", x

f

,../p/

_--" Nose e

J

revolution with a flared afterbody, sling mounted

at zero angle of al[ack. The major porlion of the

data was obtained using a model with a cylinder

diameter of 1.25 inches, cylinder length equal to 9

cylinder dianleters, and a conical nose with a 20 °

included angle. The relalively long cylindrieal

section was dictated t)y lhe requirements discussed

in the section "Comparison of Two-Dimensional

and Thvve-DimonsionaI Boundary-Layer Separa-
t,ion." Compression-corner and curved-surface

flares with various flare angh,s were used to eval-

uate the influence of flare angle and shape. In

addilion, several special models were emlfloyed to
evaluate lhe influence of other varial)h,s. Dimen-

sions and desig'nalion.,a of all models are given in

figures l(a) and l(b). Th.e variables investigated

with each compression-corner flare are also tabu-

7-

L cyl _L flare --

Model D,

designation in.

Iccl5-a- I

CC20-a- I

CC25-a- I

CC25-a-3

CC25-c- 3

CC30-a-O

CC30-a- f

CC30-a-2

CC30-e-2-i

CC30-0-2,3

0C30-o-3

CC30-a-3-1

CC30-b-I

CC30-c-I

CC30-c-3

CC35-O- I

CC35-o-2

Lcy IID L flare /D

1,25 9 2.5

4.2

i
9

4.0

29

9 2.5

4,2

9

t '4.2

9

0,35

0.50

125

Pressure

rise,
Nose

M,
and shape

e

VorioNes JnvestJqofed with each model

Method of

promoting

transition

i[

x

x

x

D Heat
Lcy I I _

8 0 transfer

x

x

x

x

x

x

ICe, compression corner flare; 15, flare angle,

for boundary-layer surveys; thus the desi,

(a}

(a) Compression-corner models.

FIC, L'ItE 1,--Model geometry artd designations.

n

not fully

developed

x

x

; o,nose shape (fig. I(c)); I, method of promoting transition (fig. I(d)) The flare is omitted

_otions are o-I, a-2, etc.
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Lb-

Lcyl- m

L flare_I-

(b)

notion

-°:'1 I
I

_=1 l t l _ 1 t i,r _ 1_.84 10-661

(b) Curved-surfi_ee models.

FiGuRE 1 .- - Continued.

lated in figm'e l (a). Most models were instru-
ment e<t with O.O135-inch-diameter pressure orifices

with a longitudinal spacing of 0.0,5 inch in regions

where large pressure gradients were expected, and
htrger spacing in the regions of smaller expected

20° L

Nose o

Radius =

pressure gradient. A solid copper model, mounted
on an insulated sling, was used to evaluate the in-
fluence of heat transfer. This model contained a

thermocouple located near the cylinder-flare june-

ture, but, was not instrunlented for pressure
measurement.

Pressures were measured wid, a 150-inch multi-

tube manometer board with a scale division of 0.1

inch. The manometer fluids were Dow-Corning

silicone oil, {etrabronmeth,me, and mercury (re-

spective specific gravities approximately 1,3, 13.5).

The tightest fluid permissible was always used to
obtain maximmn possible fluid deflection, and

thus insure a ma.,cinmm accuracy of pressure

measurements. Pressures were obtained with a

maximum error of 5 percent; however, the error

generally was considerably less.
Boundary-layer trips.--Boundary-layer trips

were used on most models to insure turbulent

boundary layers over a hlrger Reynolds number

rang<, than would be possib]e if transition occurred

n.lturally. The various methods of promoting

Geometry and location Designation

N(:lluro I transition 0

t

45 °

Radius =
2O °

\zn

Nose b __

j - ]
h 0,070"

L ,028"
-- .028"

2D _____ _x_" ,(,. - = .028"

Nose c -- Crystals of ordinary

table soil

.020"_ Uwire( _ ._

4"

Base trip used wild nose

"O" only , _/_] 7'

{bose' 
\ t, ip]

model"_

clean//

I

_ _e'_
h ip,}

Model

CC30-a - 2

CC30-o- 2- I

CC30- a-2,3

CC35-a- 2

(c)

(e) Nose shapes.

(d)

(d) Boundary-layer trips; type and location.

Flc, vm_ 1. Concluded,
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transition are shown in figure l(d). Per the pur-

pose of assigning a designation, natural transition

is also listed in this figure. The majority of the

data for the nmdel with cylinder diameter equal
to 1.25 inches was obtained with a 0.020-inch wire

trip located 4 inehes ahead of the cylinder-flare

juncture (trip 1). The size and location of the

wire were dietat(,d by boundary-h_yer-thickness

requirements as diseusse:l in the section "Con>

parison of Two-Dimensional and Three-Dimen-

sional Botm(tary-Layer Separation." Other trips

used were the base trip (trill 2) which was always

lo('aled immediately behind tit(, nose, and distrib-

uted roughness on the nose (trip 3) which con-

sisted of crystals of ordinary table salt cemented

to tilt, model with lacquer

OPTICAL EQUIPMENT

For all test conditions the boundary layer and

shock patterns were observed visually and were

recorded by means of the shadowgral)h technique.

A eontimmus operation shadowgraph was used to

view the flow fieht during the. tests, and a spark

shadowgraph with spark duration of about one

nIieroseeond was used to obtain photographic

records of the flow. The mirror and the light

sources were arranged so that nearly paralM ligtfl,

passed through the test section. A full-sized image
was thus observed on a ground-glass screen

mounted on the tunnel window opposite the light
source. The _'ound-glass screen was rel)laeed with

a Polaroid-I,aml film park wh(,n pholographs were
desired.

BOUNDARY-LAYER SURVEYS

Boundary-layer thickness was determined by

pilot pressure surveys on all models except lhe

heat-transfer model. The boundary-layer probe

was made from g_-inch diameter steel tubing

flattened to a nearly-rectangular opening approxi-
mately 0.004 inch high and 0.025 inch wide. The

wall thickness was honed to approximately 0.002

inch. During a survey the pectic tip moved per-

pendieular to the model sm'face and its position

relative to tim surhlce was indicated by a counter

reading obtained from a previous calibration. The

probe tip could be positione(t at any <lesire<l

longitudimd station on the body.
Boundary-layer profiles were obtained a! two

longitudinal stations in tbe region of initial pressure
rise associated with the flare on models identical

to those shown in figure I, except, that the flares

were remove(1. This permitted surveys to be
ma(le without interference from the flare. Math

number and velocity profiles were obtained from

the ratio of h>eal static pressure on the model to
the pilot pressure.

Boundary-layer tlfi<'kness, _, and velocity-

profile parameter, 77, were determined from log

plots of u versus !! as shown in figure 2. For the

r..- ii , ,,_ !i_l _ , . _ .; ...... r= - _-.,,,,,,.,,,i930$_._

ii:ltti _._:" fill

_}-:2J2iE,,ci'a:_o;_=_t!!I]!!!_r_P_t_+%li!_ Hd}N]t!Ii@l]litNiNiilil_P!ii]i!t
2 " ' ..... ::' _,,_i ' :. :- " i,

_ • ...... l_i....

02 .o3 .o4 .o6.o8.1o .zo .3o .40 .6o ,so
Y

('0 Sharp-nosed mo(tcl_.

(b) BhmL-nosed models; shear-layer thickness >> &

FIGURE 2.--Boundary-h_ycr t,hiekness.

sharp-nosed ,m)dels, fi is simply the value of y

where u deviates from u:. (See fig. 2(a).) This
value of y was determined by the intersection of

the straight line thrmlgh the points representing
velocities within the boundary layer an(1 the

straight line through the points representing free-

st,'eam velocity. Values of a deterlnined it, this

manner agreed with fi values determine(1 from

ph)ts of 3[ versus y, where (_was taken to be lhe
value of y at .1/ 0.99 M., The t)hmt-nose(1

models are envelol)ed in a layer of variabh,-ent ropy
air. The thickness of a 1)oun(lary layer which is

coml)letely sut)merge(1 in this shear layer shouhl

be the vahle of y at whi('h the viscous velocity

l)rofih' first ,leviates from the invisei(l shear-layer

l),'ofih,. The compute(1 inviseid vehwity profile is

repress, ted l>.y the smoolh dasl)e(l em've shown in

figure 200. The viscous nnd inviscid pl'()files
coincide in the outer porthm of the layer. As the

surface is approa(.hed, however, the viscous profile
t)reaks sharl)ly from the invisei(l l)rofile as a result

of the ve/o('ity r(,du<'tion within the Imun(la_T

layer. These viscous veh)city profiles couhl

gener'dly be represented by two straight lines.
The boundary-layer thit'ktwss for these models was,

therefore, defined as the wdue of y where the

viscous veh)('ity curve changes slol)e. The
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velocity profile parameters obtained from the

velocity profiles are presented later in the report

and are discussed with respect to whetln,r lhe

turbulet_t boundary layer was fully developed For
the bhmt models and the short models. Unless

noted to the contrary, lhe boundary layers for all

data presented had fully developed profih, s.

METIIOD OF DETERMINING INCIPIENT-SEPARATION

CONDITIONS

The <'rilerion used to dclect the presence of a

separated region in this investigation was identical
to that established and discussed in reference 12;

namely, the first appearance or a hump in the

longil udinal pressure dis{ ribution (i.e., a pressure-

distribution curve with three inflection points)

marked the approxinmte onset of bot,ndary-layer

separalion. The pressure rise for incipient sepa-

ration was, therefore, defined as the over-nil

pressure rise which exisied jusl before the first
appearance of the t,ump.

Typical pressure distrilmtion_ used-to determine

the test. conditions aft. which the hump first

appeared are shown in figure 3. Pressure rise

0_

,* t

2'

:_.< I ¢

o o

-L

_2t72
_4.9

2,32
59

j r_a

.tE

o o

Atloch'ed flow I

_ [] Fiow with seporoted _
region I I I |

I i 6.2 =t?mSoX 10 -4

"Meosure of IongiiudinoI

0 4 8 12

Z/8o

FIGT:RE 3.-Pressure distritn tie _s illuslra|ing the occur-

rence of SOl)oration :is 3[at']l number is varied ,d a con-

slttnl st:lgll:tilon 1)ressure; CC25 a i,

above lhe undisturbed static pressure was plol{ed

as a function of a dilnensionless distance, l/a0.
The pressure distribulions were obtained with

model geometry and stag,,alion pressure held
constant as _[aeh number was varied from .3.12

(no separation) to 1.97 (sizable separated region).

To delcrmine lhe :X[aeh number at which separa-

lion was incipient (behvcon :1[::=2.72 and 2.91)

a measure of the longitudinal extenl of the hung)

in lhe pressure distribution was obtained (see

fig. 3) as a function of Mach number and was

extrapolated to zero. In spite of the fact that the

size of hump in the pressure distribution was

difficult to define aceurah,ly, the extrapolation
was fairly accurate because the Math number

increments were small. Often lhe extrapolated
Ma(.h number was the same as ihat for which the

first fully '_(lache(l flow was observed, as was the
case in fig'Tlre 3. Sop,ira(ion was incipient at
_1[_=2.91. Similar data were oblain(,d for

other values ()r stagnation pressm'e so the influence

of Reynolds nmnlwr on the :X[ach number for

incipient separation could be established for each

nmdel geometry. Such da|a will lhon We the
basic curve of incipient-separation conditions for a

particular geometry as shown in figun, 4.

4

RESULTS AND DISCUSSION PERTAINING TO

THREE-DIMENSIONAL BOUNDARY-LAYER

SEPARATION

The results of the inw,sligalion of three-dimen-

sional boundary-h'lyer separation are discussed in

three parts. First, a numt,(,,' of variables are

examined with emphasis on lhe qualilaliw, deter-

mination of their relative importance with respeet

to lhe occurrence of separalion. The sig3dficanee

of a variable was judged l;y its influence on the

exlen! of separation, as indicated 1)y the shadow-

graphs and pressure distribulions, as well as by

its effect on the firsl occurrence of separation.

Second, steqdincss of the flow will be discussed.

Third, data that will aid in the prediction of

flare-induced boundary-layer scpqration are pre-

sented in terms of the signifi<'an! variabh,s.
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RELATIVE II_IPORTANCE OF VARIABLES

Of the variables considered, pressure rise is the

basic quantily responsibh, for the occurrence of

boundary-layer separation. The m%mfitude of

pressure rise required to cause a specified extent

of separation was influenced considerably by the

adverse pressure gradient, the Mad, number, and

the Reynolds number based on boundary-layer

thk'kness. The experimental variation of incip-

ient-separation pressure rise with pressure grndi-

enl, Maeh numl>er, and Reynohts number mighl

lit, caused t) 3" the variation in mixing between ill(,

outer stream and lhe dissipative flow near the

wall. In tlw Ccoceo-Lees mixing thee W (rer. 1.5),
this momentum-transfer concept is the fundamen-

tal process which determines the pressure rise that

can be supported by the flow. The theory shows
lhal the rate of momenlunl transfer to the bound-

ary layer is proper{tonal to the rate of boundaw-

layer growth, and that momentum can be ex-
tracted fi'om the boundary layer by an adverse

pressure gradient (_lI a rate proportional to the

pressure gq'adient) and by the viscous shear stress

at the wall. It might be expecte<l, therefore, that

separation is less likely to occur for small pressure

gra<lk, nts than for large gradients. Tile rate of

boundary-layer growth at any point on a cylinder
is increased as .Mad, number is increased or as

Reynolds number is decreased. This suggests

thai the pressure rise with no separation might
also increase as Macb number is increased o1" as

Reynohts numl)er is decreased.

The ratio of cylinder diameter to boundary-layer
thiel-mess and the rate of heat transfer had a sin.all

influence on the separaIion characteristics. 17nit

Reynolds number, nose shape, <'ylinder h,ngth, and

the method of promoting transition are varial>h,s

that will be shown to be unimporIant to the oc-

currence of boundary-layer separation in this

investigation. A detailed discussion of each of

these "variables will be given.

Pressure rise. The effect of over-all pressure

rise on the growth of a separated region is illus-

trated in figure 5 by shadowgraphs of the bound-

I
1

i

-<x----o-_ .o._._..,o
p

o

1

s I p./:r _

o
o

o
o

l?

0 I0 20

l/8 o

(a) CC20=a 1

/

.+(o) {b)
i

, _____IA_____
-I0 -I0 0 I0

Z/8 o

i

ii

2O

(b) CC25 a 1

FIe, I-RE 5. -Effecl of over-all pressure rise on the flow separation ahead of a flare on n body of revolution; 3[_ =2.18;

R_ao=8,4 X 10L
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2

- 0

/
i

l/8o

!

- !

$

_r

,.p

-IO 0

_I80

10 20 10 20

(c) CC30 a 1 (d) CC35 a-I

Fu;_-nE 5. Concluded.

ary-layer flow and the corresponding pressure
distril)utions. The pressure rise was varied at

constant Math number, Ileynohls nulnl)er, amt

them'eticnl pressure _'adient (theoretical pressure

gradient is infinite) by varying the flow deflection

angle of the compression corner. The pressurc
distributions are presented as the ratio of local

static pressure to the static pressure on the model

slightly upsh'eam of the flare-induced pressure
rise. The distance along the model is in terms of

boundary-layer thickness. As the ineipi(,nt-sep-

aration pressure rise was exceeded, the extent of

separation increased rapidly. _ This is evident,

h'om the shadow_'aphs and from the increase in

the size of hump in the pressure distril)utions.

The extent of separMion increased approximately

158u in lcnglh as the pressure rise was increased 65

percent.
Pressure gradient. Flare shape was varied to

alter the adverse pressure gradient. The reduc-

tion in pressure gradient accomplished by curving

the flare to a radius equal to 2.6D is illustrated in

figure 6(a). The pressure distribution for the 25 °

compression corner is compared with three curved

flares at the same test conditions. Boundary-

layer separation is incipient on the 2.5 ° eompres-
sion corner and the 45 ° curved surface; thus

curving the flare surface increased the allowable

deflection angle with no separation from 25 ° to

45 °. The effect of pressure gradient on the ex-

tent of separation for a given deflection angle is

shown in figure 6(b). Maeh number, Reynolds

number, over-all pressure rise, and the boundary

layer approaching the adverse pressure gradient

were identical for both flares. Pressure gradient,

is obviously an important variable, as shown by
the completely attached bom_dary layer for the

! Length of separated region is diflicult to delvrmlne accurately because of
difficulty In establishing tile reattachment point. An approximate me_ure
of the size of separated region can he determined, however, from the distance
between the seporalion point as indicated by the separation shock wave
and the midpoint of the reattaehment region as tndicaied by the reattaeh-
meat shock waves.
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FmVRE 6. -Comparison of compression-corner and
curved-surface flares.

curved surface (reduced pressure gradien() in con-

tram with the large separated region and the very.
[hick, turbulent layer downstream of reattaeh-

meat for the compression corner (infinite theo-

retical pressure gradient).

Mach number.--The influence of Math number

on the exh,nt of boundary-layer sep_raiion is

presented in lwo ways. First, Reynolds number

and pressure rise were heh] constant, then ]Rey-

nolds number and nmdel geomelry were held eon-
slanl. Reference 12 showed, for two-dimensional

models, that M-ach mmfl>er variation in the higher
Ma('h number and/or lower Reynolds number

ranges had somewhat grealer influence on the

occurrence of separalion lhan a Macb nmnber

variation in the lower Ma<'h number and/or

higher Reynolds number range. Tit(, magnitude
of Maeh number influence for the three-dimen-

sional models could also be expected to vary.

These data should, therefore, be accepted only as

an example of lhe possible imporhmee of Math
number.

Math nunfl)er influence with Reynohls numl)er

and pressure rise held cons(an( is illustrated in

figure 7. The flare angle was decreased from

35 ° to 25 ° as Ma(.h number was increased to main-

tain a constant pressure rise. As Maeh mnnber

I s
4

[

Po

2

-I0 0

¢I

,4o
•+" Compression corner

I

4

IO

ll8 o

2O

NO separation

//
/

0 I0

l/8 0

Curved

(b) Effect of flare shape on the extent of separated region; 0=35°; .1/_:2.5; R_60:1.1X10 a.

FtavR_ 6.--Concluded.
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Reynolds number constant; pl/p0=5; R_60=9.TX I0L

was increased the size of separated region decreased

considerably, as is witnessed by the downstream

movement of the separation point in the shadow-

graphs, and the decreased longitudinal exient of

tim hmnp in the pressure distribution.

Maeh number influence with Reynolds nunlber

and model geomelry heht consian! is illusir'_ted
in figure S. It is of more praelieal interest to

consider eonMant flare angle rather than constant

pressure rise since geonle[ O- generally will be

constant during aeiuaI flighl. Tim true influence

of Maeh number is not observed, however, because
pressure rise increased as Math number increased.

This compensaling effect (see section on influence

of pressure rise) resulted in a h.sser change in the

extent of separation for a given Maeh number

change than for the condition of constant pressure

rise. Math number is, however, a very important

varial)le affecling boundary-layer separation phe-
nomena in either ease.

Reynolds number. The Reynolds number used

in boundary-layer flow studies should be based

upon some boundaw-layer dimension, especially

when Iransilion is artificially induced or when
transition location is not constant. In the

present invesligalion, 6o was used "is the reference

dimension and unit Reynolds number (i.e.,

R_/inch) was varied to change boundary-hlyer

Reynolds number. The possible influence of unit

Reynolds number on boundary-layer separation

was determined by comparing the separation

chara(.lerisiies of two geometrically similar models

(Models CC30-a-2 and CC30 a-2-I, fig. 1).

The unit Reynolds number for the small b()dy

was approximately 2.5 times that for the large

body for constant vahws of R% and D/_ o. (The

possible significance of ibis ratio will be discussed

in a following section.) The comparison of se W

aration characteristics is shown in figure 9 in

terms of the Maeh number at which separation

was incipient on the two models for a range of

boundary-layer Reynolds numbers. At all the

test, conditions represented, no measurable in-

fluence or unit Reynolds number is indicated.
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FIGURE 8.--Effect of Mach number on the flow separation

nolds nmnbcr constant;

This variable need not be considered, therefore,

in subsequent data present ations.

Boundary-layer Reynolds nmnber is sho_m in

figure 10 to have a measurable influence oil the

size of separated region at the compression-corner

flare. This influence was, however, generally not

so important as the in/luence of Mach number

variation. As will be shown later, the effect of

Reynolds numt)er was larger in the higher Math

nmnber and/or lower Reynohts number ranges.

Method of promoting transition.--The method

of promoting transition could affect the occurrence

of separation tlwough its influence on boundary-

layer eharaeteris1Lics, such as thicl<ness, profile,
and effective boundary-layer Reynolds number.

In this investigation boundatw-layer trips were
used on most models to ensure a turbulent bound-

ary layer. The possible importance of this

variable will, therefore, be examined for several

methods of promoting 1Lransition by comparison

0)) M,_ = 2. 49

ahead of a flare on a body of revolution; flare angle and Rey-

CC30-a-1 ; R+$o= 8.3X 104.

of the ineipient-separa1Lion conditions on a typical

model geometry.
Ineipient-separa1Lion data ob1Lained using three

types of boundary-layer trip are compared with
data for the condition of natural transition in

figure 11. The three trips employed were a wire

ring located on the cylinder, distributed roughness

over the entire nose, and a base-1Lype trip located

at the nose-cylinder juncture. No measurable
difference was detected in the Math number for

incipient separation. Further, [tie velocity profile
parameters for the boundary layers on lhe yarious
too<Ms showed no consistent differences

Ratio of cylinder diameter to boundary-layer
thickness. -The ratio D/60 is a measure of the de-

gree of three-dimensionality of a boundary layer

on a cylinder. For a very large ratio the pressure
rise in the region of the corner shouht approach a

two-dimensional value, whereas the pressure rise

for a very small ratio should approach that for a
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FIGURE 9. Incipient, separation independent of free-

stream Reynolds number; 0=30 °.

cone. Although not shown here, the experimentra]

values of maximum pressure rise near the corner
indicate this trend. It was expected, therefore,

that separation would occur sooner on a configu-

ration with large D/_0 (larger maximum pressure

rise) than for small D/_o (smaller maximum pros-

sure rise).

(d)

20 -IO IO 20

/
0

_/8 o

(d) M= =4.07

FmVRE 8.--ConehMed.

Two sets of data were availal)le for evaluating

the influence of this ratio. First, the data of

figure 11 obtained with models of constant cylinder
diameter but with different boundqry-layer h'ips

represent a variation in D/6o by a factor of 2 (the

most seve,'e trip, distributed roughness, thickened

the bounda,'y layer the most) which was not suffi-

cient to produce a detectable change in incipient-

separation Math number. Second, the data

sho_m in figure 12 were obtained speeifi('ally to

evaluate the influence of D/G. A small diameier

cylinder with a thickened bmmdavy layer was com-

pared with a larger diameter cylinder wifl_ a thin-

ner boundary layer. Inch,ted also arc two-

dimensional data fi'om reference 12. The figure

shows lhe expected decrease in incipient-separation

Maeh number corresponding to a decrease in

D/_,. In all subsequent dala presentations, D/6o
varies less than a factor of 2 and thus need not be

considered further in this investigation.

Nose geometry.--Nose geometry could influence

flare-induced bounda]T-layer separation indirectly
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by altering varial)les that are known h) be impor-
tant to the separation phenomena, such as Math

number and Reynolds numl)er at the boundary-

layer edge, boundary-layer thi(.kness and profile,

and the pressure gradient on the cylinder. A

sharp, conical nose was assumed to have the least
influence on the flow over the cylinder and was,

therefore, used on rues! models. The requirement

that the nose shape be an unimportant variable

was deemed necessary for a valid basis of compari-

son of flow separation fin" two-dimensional and

three-dimensionnl eompression corners. The pos-

sible influence of nose geomelry was invesiigaled
to exlend lhe usefulness of lhe results of this inves-

tigation to configuralions employing bhmter nosc

shal)eS.
Before the condilions for incipienl separalion

are compared for bhmt and sharp models, it is

necessary to determine whether the turt)ulent
boundary layers on the bhml models were fully
developed. This question arose because the

boundary layer on a bhml-nosed model was envel-

oped 1)y a layer of air al a Mach l]lnnl)er and

Reynolds numt)er much lower than free-stream
values. Consequenlly, the Math numl)er and

Reynolds numl)er al lhe boundary-layer edge are
less than for a sharp-nosed model. This layer of low

Reynolds number air favors a laminar 1)oundary
layer and makes il difiriet,ll to produce a (url)ulent

boundary layer. Whether or not the t)oundary

layers are fully developed will be discussed in the

following paragraphs. An additional queslion

that arises with respect to the l)]unt models is

whether the conditions at lhe 1)oundary-layer edge

or in the free stream should be used to define the

separation phenomena. Since lhe answer is not

obvious, 1)olh edge and rree-st,'eam values will be

examined for lhe purpose of delermining the basis

for comparing the bounda,'y layer in a shear layer

on a bhmi body with the boundary layer on a

sharp-nosed body.
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FIGLn]_ ll.--Effcct of the mode of promoting transition

on the M'tch number for incipient separation for a 30 °

compression corner.

The velocity-1)rofile parameter is a measure of
the degree to which the turl}ulent boun{lmT layer
is developed. This parameter could not be ob-
tained for all data of this investigation because

[_212::: '

L_J_

10 5

FI(]rRE 12.--Effcc_ of D/ao on tim Maeh number for in-

cipient separation for a 30 ° compression corner.

surveys did not always extend far enough into the

boundary layer. (The prime purpose of the sur-
veys was to determine 6o; thus complete profiles
were not Mways taken.) Where complete profiles
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FIGURE 14.--Comparison of pressure distributions on

blunt-nosed and sharp-nosed eylinder-fl-_re configura-

t, ions.

were obtained, however, the wdues of n were com-

puted and are presented in figure 13. This figure
was used to d(,termine whether the turbulent

boundary layers on the blunt models and the short

models were fully developed. The profile parana-

eters shown represent a range of Reynolds num-

bers but were plotted only as a function of Mach
number. The data for the blunt-nosed models

were plotted as a function of _1I_ as well as 2]/=

(:II:=M,_ for the sharp-nosed models). The long

model with a sharp nose and a severe boundaL'y-

layer trip, tested at high Reynolds numbers, would

be the one most likely to have a fully developed

turbulent boundary layer. Since there was no
consistent difference in the value of 'n for the long

models with sharp noses for all trips and test con-

ditions, it was assumed that the values of n for
these models represented fully developed boundary

layers (see fig. 13(a), models a-0, a 1, a-2, a-3).
The two-dimensional model of reference 12 also

had a fully developed boundary layer. This model

had a very severe boundary-layer trip. Data

which deviated from the approximate region rep-

resented by the circles in figure 13(a) were assumed
to be nob fully developed, for example, model
a-3-1. For the case of the bhmled 45 ° conical-

nosed model (b-l), the boundary-layer profiles

are indicated to have been fully dew,loped regard-
less of whether 31_ Mr 3I= was used in plotting the

values of n. This is not true for the models with

hemispherical noses (e-1 and c-3). For these
models the boundary-layer profiles arc indicqted

as having been fully developed when n is plotted
as a function of .-lI, but. not when plotted as a
function of M=. The results for the hemispherical-

nosed models, therefore, are inconclusive.

Pressure distributions on a cylinder-flare con-

figuration were also examined in an attempt to
gain further infomnat.ion as to whether the
tm'bulent boundary layers on the hemispherical-

nosed model were fully developed. In fiigure

14(a) the pressure distribution on a model with a
blunted conical nose is compared with the pressure

dist.ribu|.ions on two sharp-nosed models, all with
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30 ° flares. The (lala for one of the sharp-nosed

models correspond to life free-stream conditions

of t]le l)]unt model; the dala for t,he second

sharp-nosed model correspond to the t)oundary-

la.ver-edge conditions of the blunt model. The

vdoeity-profile parameters, ns a funetion of

%[,wh number, were all of the magnitude lhat,

wouhl be expected for fully developed boundary-

layer profiles. The extent of separation, as
indieated by the pressure distribution, was es-

sentially identical for the three eonditions. This
in(lieates that, the boundary layers were si]nihtr.

;In the re_on or the corner, the pressure distil-

lmtion eorrdates t)etter on the basis of l)oundary-

layer-edge conditions, whereas the final pressure
attained on the flare correlated better on the

basis of fi'ee-stream conditions. This observation

was also noted in other such comparisons. Figure

14(t0 compares, in the same manner as lhat used

in figure 14(at, a pressure distribution for a

hemispherical-nosed model with pressure distri-
butions rot' lwo sharp-nosed models. The com-

parison of pressure distributions shows l}lat the

hemispherical-nosed model had a larger separated

region, thus indicating that the boundary layer
ear lifts model was not fully developed. This

was the condition indicated by the eorrelalion of

the boundary-laver profile parameter _ with

free-sin, am Maeh number (fig. 13(t))) whereas

the correlation or ,_ wit.h edge Math number

indicated a fully developed layer. The reason for

Ihe apparent correlation of _ as a function of

edge %[a(,h number is not known, t)ut it appears
this era'relation was accidental and is nfisleading

in view of lhe discussion jus[ presented. A

further indi('ation thai the boundary layers on

the hemispherical-nosed models were not full3"

developed is provided by subsequent comparisons

of incipient separation eondilions for tim various
models.

The influence or nose shape on the surface

pressure distribution along the cylinder is indi-

cated by figure IS(at which presents typical

static-pressure distributions on I,he cylinder for

the /hree nose geometries. For the range of
,Xl'a<'h numt)ers of this investigation the nose-

induced pressure gradients were negligihh, com-

pared to typical flare-induced pressure _'adients.

At, higher Math mmd)ers in(lured pressure

gradients for blunl noses are sizable. The

gradients are ravorabh,, however, so the tendency

toward sep,mdion of a fully (leve]oped tm'buhmt

t)oundary layer at the flare might be redueed.

The _[aeh numher at which flare-induced

separation was incipient for two nose shapes is

shown in figure 15(b) for tim models wi[h a
evlinder length of 9D. The hemispherical-nosed

model was excluded from lhis comparison t)eeause
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the boundary layer on this model did not have a

fully developed velocity profile. (See preceding

discussion for figs. 13 and 14.) Figure 15(c)

compares incipient separation conditions on tile

models with e.vlinder length of 4.2D. None of

these short models had/'till5" developed boundary-

layer profiles, but, as figure 13 shows, the values
of _ for these models were nearly the same; thus

this comparison was considered valid. Figures
15(b) aim 15(e) sliow that the data for the blunt

models correlate with the (lala for the sharp

models up to 3/_=4.5 regardless of' whedwr
condilions were t)ased on free-stream values or

l)oundary-layer-edge vahles. Nose shape had no

influence on the occurrence of boundary-layer

sep'tration.

The influence of nose shape on the flow in the

region of the flare will now be examined qualita-

tively in terms of the unit Reynohls number
and Maeh number of the free stream. This
examination was considered worth while because

the boundary-layer thickness and, therefore,

R_0 are more difficult 1o <tetemnine for a configu-

ration with a blunt nose than for one with a sharp

nose. The possibility is therefore examined

of using dale for a sharp-nosed configuration to
obtain a first approximation for /tie occurrence of

separation on a blunt-nosed configuration. In
t,his examination boundary-layer t]lickness was of

no concern, but the e:dstenee of a fully developed

turbulent ht.,_er was essential. Figure 15(d)shows

the flow in the region of a 30 ° flare for two models,

identical except for nose shape, tested in identical

streams. The obvious effects of bhmling tile
nose were to extend the upstream influence of

the flare, to decrease the pressure gradient a
sizable amount, and to decrease the maxqmum

pressure rise. At high Mach numbers the flow

for the bhmt model will beeome increasingly

different from dmt for a sharp-nosed model
because lhe ratio of _facll number within the

shear layer Io lhe free-sh'eam Maeh number

becomes less. ]I appears, however, that, for low

_[aeh numbers nnd/or small a,nounts of bluntness,
the conditions for the first oeeurrenee of separation

on bhmt bodies can be approximated if the bhmt-

ness is disregarded and data for sharp-nosed

models are used to predict the oeeurrenee of

separation widmu! regard to shear layers or to

how ihe boundary-layer thiekness and profile

are affected 1)3" tire bhmt, nose.

_ 0 CC30-o-t (sharp conical nose)

_0 CC30-b-I (blunted eonicoI nose]

5!00 M=M_, RSo :R_o 8 }!

i: c_ M=M_,,%o=R_So }i
= Nolo: O = CI I':

4 _iliititi!ittlitiiit/]tt[!iJt iit:iiiiltiili!ii!
o_ Iti d !N_1 Ni,!il;-- tli]I ltloched Nun ory ; , ]_,,;u,

-_ hittt_+ eoye, t4til/dit_

!i_4}1. I_! '+_!!llllliUj

<": _,I lt_ II[ttttt_IN IGdDI

I __Jtltll111J
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(b) Incipient-separation conditions for the compression

corner with (L/D)_._q=9.0; boundary layers fully de-

veloped,

FI(IURE 15.--Cot)tinucd.

Cylinder length.--The separalion t)henomena

at. a flare shouht not be influenced by the cylinder

length if the flare is beyond the pressure field
induced by the nose, if changes in _0 are accounted

for through the quanlities D/ao and R+0, and if

the turbulent boundary layer attains a fully

developed profile. The very small pressure gradi-

ents induced by the nose (fig. 15(a)), therefore,

suggest the possibility that the cylinder length

could be reduced from the principal length (9D)

used in lhis investigation wilh no influence on

the separation phenomena. Incipient conditions

wore compared for models with cylinder lengths
of 4.2D and 9D.
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Fi(:UllE 15. Concluded.

]_IGVRE IO, Influence of cylhl(h,r h,ngth on tlw occurrence

of separation. Bom_(lary Ias, ers were not fully (h_v(,]-

Ol),ed: but were similar (see fig, 1,3).

The influence of cylinder length on the Ma(_.h
numl)er a( whi('h boundary-layer separation was

incipient for a cylinder-flare configuration is

shos_m in figure 16. The turbulent boundary

layers on the models considered in figure 16 did

not hay(, fully developed profilt,s, l)ut figure 13(b)

indi(.ates tlmt the boundary layers were similar

(by virlue of similar values of n). Figure 16

shows ('ylindcr h,ngth had no influence on tht,
occurrence of separation at (he flare. This

conclusion for th(, case of the not fully deveh)ped

turl)uh,nt boundary layer would also be expected

to apply in the fully developed case in view

of the preceding discussion of the behavior of

the two boundary-layer eases (figs. 14 and 15).

Velocity-profile parameter. The data pre-

sented in figm'es 14 to 16 indi('aie that the actual

magnitude of n is not imporhm( to the separation

phenomena if its value is in the range that re-

presents a fully developed boundary l'lyer. On

the other hand a boundary layer with a velocity

profile tlm( was not fully dev(,lol)('d was shown
to have an increased t(,nd(,ncy toward separation.

Figure 17(at shows the influence, on (he incipient-

separation Maeh number, of boundary layers

which do not have fully tit,ycleped profiles. These

data support (he observation made previously
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Fm[TaS 17. Comparison of the separation characteristics

of tm'bulent botmdary layers which 'ire fully developed

with those which are not fully th'velop,_d.

that =_ turl)uh, nt 1)oundary layer which is not
fully (levelol)('d will be more prone to separation
than n fully developed layer.

Figure 17(t)) shows a comparison of the flow
in the region of a 30° flare for a boundary layer
with a fully developed profile and for one that
was not fully deveh)t)ed. The lest conditions
were chosen so that separalion was incipient for

the fully develot)ed layer, and, therefore, a small
region of separated flow existed for the layer
no! fully developed (see fig. 17(a)). In spite of
the fairly large effect on incipienl conditions
shown in figure 17(a), lhe pressure disiril)tdion
and length of separated region were not greally
different. For the boundary layer which was

not fully developed, lhe upstream influence of
the flare was slightly greater (approximately

1.5_o), and the maximum pressure rise and pres-
sure _'adient were slightly less than for lhe fully
developed boun(hnT Nyer. The incipient-separa-
lion data for the models with fully deveh)ped
boundary layers can, therefore, 1)e used to give
a first approximation of the flighl (,ondilions for
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the occurrence o[" separallon of a tm'bulen! bmm-

dary layer which does not have a fully developed

profile. This eslimation will, however, predict

no separation when there is actually a small

separated region.

tteat transfer. The qualitative influence of
heat flow into the model was obtained using

the solid copper model cooled with liquid nitro-

(a) Wall hqnperat are-- 56 ° F

Adiabatic wall tcmperahlre 56 ° F

(b) W',dl temperature= - 276 ° F
Adiabatic wall temperalure-- 56° F

FIGURE 18. Qualihttive influence of heat transfer on the
extent, of boundary-layer separation; CC35 a 2; 3[+--

3. l ; R+ -- 64 >(104/inch.

gen. Typical results are shown in figure lS for

one particular Ma<'h number and Reynohts
number. The separation poin! moved down-

stream about 0.2D or I a, based on a rough esl imate

of boundary-layer thickness, lleal transfer

showed the same quail/alive influence on lhe

size of separated region for other Maeh numbers
and Reynolds mnnbers. The pressure-distrilm-
lion dal a el" reference 16 also show a small decrease

in the extent of separated region for heal flow

into a two-dilnensional model. IC is indi<'aled,

then, that data on incipient separation obtained

with zero heat transfer will, therefore, give a

slightly conservative estimate of the firsl occur-

renee of separ'_tion when applied to configurations
wilh heat. flow inlo the surface.

_ow STEAD_NESS*_D nYSTERESm EVWCTS

Compression corners. -Tu,'buh, nt all ached lh)w

for the compression-corner flare was observed to
be steady. 2 Small separated regions (i.e., less

In referenee 1 it wa,q shown tha),t whenever unslea<liness was detected in
high-speed motion t)ietures it couht also always be delecled when viewed on
the shadowgraph screen, or by examination of spark shadowgraphs. Shad-
owgraphs of steady and unsteady flow art' shov,m in reference 12. The
shadowgraph was, lherefore, usecl in thi,_ investigation to assess qualilalively
the steadiness of the llow.

than at)out 5_0 in h,ngth)appeared tobe as steady

as the completely attached flows. The 'tt<>w

became unsteady for larger separated regions, and
the unsteadiness increased as the size of separah'd

region increased. When test conditions were

changed in the direction that promoted separa-
lion at the compression-corner flqre, a region of

separated flow appeared and grew gradually as

lhe incipient conditions were exceeded. As the

test conditions were reversed, the region of sepa-

ralion decreased gradually and disappeared. No
apparent hysteresis was detected in the condi-

tions for the appearance and disappearance of

separat ion.
Curved surfaces.--Turbulent attached flow on

the curved-surface flare, as on the compression-

corner flare, was always sleady but when separa-
lion occurred at the curved-sm'faee flare [he flow

was always extremely unsteady. This unsteadi-
ness was evidenced by the random shock ])aitern
that emanated from the turbuhmce within the

separated region (see l)holographs in figs. 19(b)

and 19((:)). Although not shown here, successive

photographs taken at a single test condilion

showed this sho(,l.: paltern to change with time.

The separation point also oscillated over a dis-
tance of several bmmdary-layer thicknesses.

This change wilh lime of the ]el'alien of the

separation point, was responsibh, for the discon-
linuily in the separation shock shown in figure

i9, which resulted from the necessity of recording

the flow palh,rn on [we different pholographs

taken a shorl lime apart.

Separated regions appeared (and disappeared)

very al)ruptly on tit(, curved-surface flares. An

example of these abrut)[ changes in flow t>altern

is illustrated in figm'e 19 for lhe 45 ° flow-defle<'tion

angh,. The separation on these flares was char-
aete,'ized t)y a st,dden chang(, r,-om a eomph'tcly

attached, sleady flow to a large, unsteady, sepa-

rated region (figs. 19(a) and 190))) and vice versa

(figs. 19((:) and 19(d)). The very large change
in pressure (tislril)ulion occurred as the boundqry

layer separated t)ecause the effeelive ill)w-deflec-

tion angle was considerably less than the geo-

metric angle of the flare for ihe large regions of

separation.

A hysteresis in the appearance and disappear-

ance of the separated region often occurred for
the curved-surface flares. The data shown in

figure 19 for a 45 ° flare illustrate this hysteresis.
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The Ma('h number at which separation appeared

was always lower than the Mach number at

which separation disappeared. The amount, of

hysleresis was dependent on Reynolds number.

At the lowest. Reynolds number it was nearly

zero; at the highest, it was as shm_m in figure 19.

A range of Maeh numbers resulted for whidt the

flow eouht be eilhor attached or separnted, depend-

ing upon whether the flow was inilially attached
or initially separaled before entering this Maeh

number range. Above this Maeh number range

the flow was always attached; below it was

always separal, ed. Very little hysteresis was

observed for the 35 ° flare and separated flow

did not_ occur on the 25 ° flare; thus the sizable

hysteresis illustrated in figure 19 appears lo have

been confined to the b_rgest- flow-deflection angh, s

and the higlwst Reynolds mnnb(,rs.

PREDICTION OF FLARE-INDUCED BOUNDARY-LAYER

SEPARATION

Data presenled in figures 20 to 23 will serve as

a guide to predict whether or nol separation is

protmble nt a flare on a body of revolution.

These data were obtained for artificially tripped

boundaw layers on sharp-nosed models with

relatively long cylindrical forelmdies; however,

it_ has been shown previously llmt these data.

should also apply to eylinder-fl_u'e models with

blunt noses, shorter eylindrieal forebodies, and
oil}or modes of promoting lransilion, including

natural transition. The turbuh,nt boundary layer

must, however, ]lave a fully develol)ed velocity

profih,. These data for eonfigu,'ations at tempera-

lure equilil)rinm give a slightly conservative

estimate of the first occurrence of separation on

a configuration with heat flow into the surface.
The (]ah_ arc presenh,d _s era'yes f(;r incipient

separation (i.e., curves whi('h divide the tesf_

eondilions for whi(.h separation can 1)e expected

f]'om the test conditions for whiell the boundary

layer will t)e allaehed). Pressure rise and/or

flow-defle(,tion angh, required for the firsl occur-

rence of separation will be presented as a function

of Reynolds number based upon boundary-layer

thi(,kness, Ma('h numl)(,r, and model shape.
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Compression-corner flares. The basic dala for

the compression-corner flares are shown in figure
20 in terms of the Ma('h number at, which flare-

induced separation is incipient as a function of

the Reynolds number based on l)oundary-layer

thickness. Each curve represents the dividing
line between Ihe test conditions for which lhe

boundary layer was ahvays attached at the flare

(above the curve) and the test conditions for which

there was always separation at the flare (below

|he curve). Also indicaled on the figure is the
approximate minimum Reynolds number (or max-

illnlllt Math number) for which there was a fully
deveh)ped tm'l)ulenl boundary layer at the flare.

This sl)ecifie limit curve applies only to these data

because of the large numl)er ()f factors which nor-

nmlly affect transition Reynolds number. Such a

limit has genenfl importance, however, in ihat it

indieales the existence of a very definite limit to

the exlcnI to which Math number may l)e in-

ereased (or Reynolds number decreased) to avoid

separalion. Obviously the incipient-separation

curves cannot, be projected beyond such limits

because the laminar or h'ansilional boundary layer

which would then exist, wouht separate from the

surface more readily than a turbulent boundary
layer.

The influence of Madl number on the pressure

rise necessary for incipient separation has been

obtained by eross-plotling lhe dala of figure 20.

The resulting curves shown in figure 21 define the

maximum pressure rise possibh, with no separation

as a function of Math number and Reynolds
numl)er. Tit(, curves divide the test conditions

for which th(, l)oun(t_ ry layer was ahvays attached

at lhc fltu'e (below the curve) from those for which

lhe boundary layer was always separated at the

flare (_t)ovc the eurw0. The maximum ineipient-
separalion pressure rise possible for compression

corners is also shox_m in figure 21. This lintit,

explained in conjunction with figure 20, represents

the Maeh nllnll)(q" and Reynolds numt)er at which
for these tests tl,e l)oundaw layer will become

transitional in the region of tit(, corner.
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FIGURE 23. Effect of Math nu,nber on the maximum

flare angle with no separation for curved-surface flares.

Flare angle is often a more convenient quantity

than pressure rise for defining conditions for in-

cipient separation because, for a given configura-

tion, flare angle is constant, whereas over-all

pressure rise varies with Mach number. The
flare angle for incipient separation, obtained by

cross-plott.ing the basic separation data, is shown

in figure 22 as a function of Reynohls number and
Maeh number. Flares with angles greater than

those represented by a particular curve will ex-

perience boundary-layer separation. The bound-

ary layer will be atta(.he(t for deflection angles less

than the incipient values. Shown also in figure

22 is the maximum flare angle for which attached
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flOW is possibh, at tilt' compression-corner flare

under present test conditions regardless of Maeh

number and Reynolds number. This limit has

been discussed previously. In the lower Reynolds

number range and/or the higher Maeh number

range, Reynolds number has an important in-
fluence on the maximum flow-deflection angle

possible with no boundary-layer separation.
0urved-surface flares. Flares with curved

surfaces were investigated to determine the test

conditions for whidt boundary-layer separation

couht be expected. A curved surface with a 2.6D
radius was used with each of three flare angles

(see fig. 1 (b)). The effect of Math number on the
maximum possible flare angle with no separation

for the curved flare is shown in figure 23. Tlw

data points shown for the 35 ° and 45 ° curved
surfaces represent the minimum Mach nunlbers
at, which these flares could be tested with no

separation. The boundary layer was attached to
the 25 ° flare at Math numbers down to the mini-

mum possible for the It, st facility, with this inodel
installation. The Mach number for incipient

separation for the 25 ° curved surface (if separa-
lion does occur) will, therefore, be less than 1.49,

as indicated in figure 23. The boundary layer was

always separated for Math numbers less than, or

for values of flare angle _'eaier than, those repre-

sented by the curve. The incipient-separation
conditions for the curved flares were independent

of Reynolds number. A possible reason for this
is that the Maeh number at which separation

occurred was neat' that for which shock detach-

ment would occur on a cone with angle equal to

the flare angh,. It is possible, therefore, that

separation fur the large-angle, curved-surface

flares was triggered by the conditions for shock

detachment, thus obscuring any possible effect of

Reynolds number. Because of the hysteresis

shown in figure 19, boundary-layer separation can

also occur, under certain conditions, for Maeh

numbers greater than those represented by the
curve. The magnitude of this hysteresis is de-

pendent on Re3molds number.

COMPARISON OF TWO-DIMENSIONAL AND

THREE-DIMENSIONAL BOUNDARY-

LAYER SEPARATION

The data of this investigation for three-dimen-

sional models are compared with the data of

reference 12 for two-dimensional models to deter-

mine whether similarities exist in the separation

phenomena. A long cylinder was, therefore,
chosen so that the nose would be a sufficient

distance from the flare. Thus, the nose had no

effect on the flow in the region of tim flare as shown

by the negligible pressure gn'adient on the cylinder

(fig. 15(a)) and by the negligible effect of changing

nose shape on the first occurrence of flare-induced

separation (figs. 15(b) and 15(e)). Approximately
equal values of _o on both the two- and three-
dimen._ional models were also assumed desirable

fro" this comparison. (In the course of the in-

vestigation, however, the actual boundary-layer

thickness was observed to be relatively unim-

portant if Reynolds number was based on So.)
Since the three-dimensional model was much

longer than the two-dimensional model, a smaller

boundary-layer trip was dictated. Reasonably
close agreement in 60 was attained when a 0.020-

inch wire trip was placed well back on the cyl-

inder to take advantage of the small growth of

the htminar boundary-layer ahead of the trip.

All data used in this comparison are for boundary

layers with fully developed velocity profiles. (See
fig. 13.)

COMeRESSmN CORNERS

The separation phenomena were qualitatively
the same for the two-dimensional and three-di-

mensional compression corners. Quantitatively,

however, the incipient-sep'mttion conditions for
the two-dimensional anti three-dimensional com-

pression corners were the same only for certain
Maeh numbers and Reynolds numbers. Figure

24(a) presents a comparison based on deflection

angle. Undoubtedly a portion of this difference

results because the pressure rise associated with

a two-dimensional corner is larger than that for

a three-dimensional corner for a given deflection

angle. This, of course, suggests a comparison on

the basis of pressure rise. Figure 240_) shows that

pressure rise is a better means for comparing two-
dimensional and three-dimensional data titan is

deflection angle. Differences still exist, however,
which depend on Maeh number and Reynolds

number. Figure 2,5 shows the Maeh number and

Reynolds nuntber combinations for which the in-
cipient-separation pressure ratios were similar for
two- and three-dimensional models and the test

conditions for which the incipient-separation pres-
sure ratio of the three-dimensional model was
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FIGURE 25.--Regim) of test conditions for wllieb the two-

dimensional and three-dimcnsional incipient separation

t)rcssure ratios are similar for compression corners.

grealcr than that for the two-dimensional model,

The division of those two regions is approximate.

In figure 1_ it is indicated thai i)/_0 couhl explain

at least some of the difference in incipient condi-
tions for the two- and ihroe-dinlonsional bodies.

Ilowever, since D/80 was essentially eonsialll for

the throe-dimensional data in figure 24 (within a

few percent for a given Mach nuinbcr and within

± 15 percent over the enlire Math ]mmbor range),
lhe reason for lhe difference is not known.

CURVED SURFACES

Again, ns for the compression corners, the flow

separation on ilic Ilu'ee-dimcnsional curved sur-

faces was qualitatively similar Io thai on the

two-dinicnsional Cllrvcd Slll'2a('os. Quanlillitively,

however, the niagnilude of the nlilximlinl pres-

sllro rise was gi'clit(,l" for (lie tin'co-dimensional
curved Slll'fac0 l]ian for the two-dimension:ll

curved stlrra('o, It is inlercsling 1o ilole l]iat lilt

pressure rise h)r simek dotachnlont for a cone is

also higher than file corresponding pressllro ris0

for a two-din_onsional corner. Tiffs again sug-
gesls a possible relationship ])elwcon liie condi-
tion for shock (lelachnlelit and the condition for

incipient separation for the curved-surface models

with large radii.

CONCLUSIONS

The following eoneltlsions result front the in-

vestigation of lurbulenl })otnldltry-layer separa-

lion on a cylinder-flare l)ody of revolution in

supersonic flow and Prom comparison of those
three-dinicnsional data wilh the two-dimensional

data of rcl'erenee 12:

1. A decrease in the tenden('y toward boundary-

layer separation resulted for both lhree-dinlen-
sional and two-dimensional models its Macll num-

ber was increased, or as Rcynohls number,

pressure rise or pressure gradient was decreased,

with the exception that Reynolds number was

unimportant to the incipienl separation phe-
nomena for the curved surfaces with the largest
radii.

2. The pressure rise required for incipient.

boundary-layer separation for the three-dimen-

sional compression surface was similar t.o that

of the two-dimensional compression surface in the

low Math number and high Reynohts number

ranges, and higher in the high Maeh number and

low Re3molds number ranges.
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3. Cylinder-flare configu,'ations with large ratios

of cylinder diameter to boundary-layer thickness

were more prone to t)oundary-layer separation

lhan configurations with small ratios.

4. ]Ieat flow into the model slighlly reduced
the extent of boundary-htyer separation. This

influence was consistent tlH'oughoul the Math

and Reynolds numl)er ranges considered.
5. The Math numt>er at which flare-induced

boundary-layer separation first oeeured at a given

Reynohls number was nor affected by changing

the nose shape, unit Reynohts number, the mode

of promoting [ransilion, m" cylinder length if the

Reyn<>hls numl)er was 1)ased on the thickness of

a fully deveh)ped lurl)ulenl boundary layer.

6. Flare-indu('ed pressure distril)ulions for t>hmt-

and sharp-nosed cylinders correlate on the basis
or 1)ound.ry-layer-edge conditions in the region

o[+ the corner. The final pressure atlained on the
flare correlates better on the t)asis of free-slreanl

conditions.

7. Flare-induced separation of a fully developed

turt)ulent boundary layer on a bhmt-nosed eyl=

inder can t)e predicted from data for sharp-nosed

eyli n ders.

8. Bm,ndary layers which (lid not have fully

developed velocily profiles were more prone to

boundary-layer separalion than those with fully

developed profiles.

AMES RESEARCtt CENTER

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

._[0FFETT FIELD, CALtF,, M'a!l 23, 1961
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